Pollen grains are encased by a multilayered, multifunctional wall. The sporopollenin and pollen coat constituents of the outer pollen wall (exine) are contributed by surrounding sporophytic tapetal cells. Because the biosynthesis and development of the exine occurs in the innermost cell layers of the anther, direct observations of this process are difficult. The objective of this study was to investigate the transport and assembly of exine components from tapetal cells to microspores in the intact anthers of Arabidopsis thaliana. Intrinsically fluorescent components of developing tapetum and microspores were imaged in intact, live anthers using two-photon microscopy. Mutants of ABCG26, which encodes an ATP binding cassette transporter required for exine formation, accumulated large fluorescent vacuoles in tapetal cells, with corresponding loss of fluorescence on microspores. These vacuolar inclusions were not observed in tapetal cells of double mutants of abcg26 and genes encoding the proposed sporopollenin polyketide biosynthetic metabolon (ACYL COENZYME A SYNTHETASE5, POLYKETIDE SYNTHASE A [PKSA], PKSB, and TETRAKETIDE a-PYRONE REDUCTASE1), providing a genetic link between transport by ABCG26 and polyketide biosynthesis. Genetic analysis also showed that hydroxycinnamoyl spermidines, known components of the pollen coat, were exported from tapeta prior to programmed cell death in the absence of polyketides, raising the possibility that they are incorporated into the exine prior to pollen coat deposition. We propose a model where ABCG26-exported polyketides traffic from tapetal cells to form the sporopollenin backbone, in coordination with the trafficking of additional constituents, prior to tapetum programmed cell death.
INTRODUCTION
Mature pollen grains are surrounded by a specialized and complex cell wall that serves critical functions in grain survival, stigmatic recognition, and hydration. The outer pollen wall (exine) is composed of a sculptured and structurally rigid sporopollenin backbone, which in dry stigma species is additionally covered by a lipid-based pollen coat or tryphine (Piffanelli et al., 1998; Hsieh and Huang, 2007) . The components of the outer pollen wall are synthesized by secretory tapetal cells, which form the innermost cell layer of the sporophytic anther wall. The sporopollenin component of the exine assembles over a short window of developmental time, beginning after microspore meiosis and the release of free microspores from callose-bound tetrads, nearing completion by the first pollen mitotic division, and concluding prior to tapetum programmed cell death and the second mitotic division (Piffanelli et al., 1998; Hsieh and Huang, 2007; Quilichini et al., 2014a) . As sporopollenin deposition progresses, tapetal cells accumulate an array of lipids, proteins, flavonoids, and phenolic spermidine conjugates, primarily in storage organelles called tapetosomes and elaioplasts, destined for the pollen coat in Arabidopsis thaliana (Piffanelli et al., 1998; Hsieh and Huang, 2007; Grienenberger et al., 2009; Quilichini et al., 2014a) . After sporopollenin deposition into the backbone of the exine is complete, tapetum programmed cell death releases lipid-rich contents into the locule, filling the exine crevices to form the pollen coat (Quilichini et al., 2014a (Quilichini et al., , 2014b .
Elucidating the chemical composition of sporopollenin has posed great challenges due to its extreme recalcitrance to degradation. Based on biochemical analyses, sporopollenin is thought to contain a mixture of phenolics and aliphatic derivatives (Prahl et al., 1986; Guilford et al., 1988; Rozema et al., 2001; Ahlers et al., 2003; Descolas-Gros and Schölzel, 2007) . Genetic approaches, primarily in Arabidopsis and rice (Oryza sativa), have revealed a number of genes encoding enzymes and proteins required for sporopollenin biosynthesis and deposition, providing clues regarding the composition and mechanism of sporopollenin biosynthesis and substantiating the key role of the tapetum as the source of sporopollenin precursors (reviewed by Ariizumi and Toriyama [2011] and Quilichini et al. [2014b] ). Among the Arabidopsis genes required for sporopollenin formation, a number encode enzymes with characterized biochemical activities, including MALE STERILITY2 (Aarts et al., 1997; Chen et al., 2011) , ACYL COENZYME A SYNTHETASE5 (ACOS5) (de Azevedo Souza et al., 2009) , two POLYKETIDE SYNTHASES, PKSA/LAP6 and PKSB/LAP5 (Dobritsa et al., 2010; Kim et al., 2010) , TETRAKETIDE a-PYRONE REDUCTASE1 (TKPR1/ DRL1) and TKPR2/CCRL6 (Tang et al., 2009; Grienenberger et al., 2010) , and two CYTOCHROME P450s (CYP703A2/DEX2 and CYP704B1) (Morant et al., 2007; Dobritsa et al., 2009) . Based on genetic and in vitro biochemical analyses, ACOS5, PKSA, PKSB, and TKPR1 are proposed to function together in the synthesis of hydroxylated tetraketide a-pyrones, polyketides that may form the major constituent of sporopollenin (Grienenberger et al., 2010) . In support of this model, these enzymes are localized at the tapetum endoplasmic reticulum, interact in vivo, and have been termed the sporopollenin metabolon (Lallemand et al., 2013) .
The presence of phenolic constituents in sporopollenin is well documented (Wehling et al., 1989; Gubatz et al., 1993; Ahlers et al., 1999; Weng et al., 2010) , but there is little information on the exact enzymes required for these constituents or the specific nature of these constituents. Manipulation of the Arabidopsis monolignol biosynthetic pathway, resulting in enhanced levels of 5-hydroxyconiferyl alcohol subunits in lignin, leads to abnormalities in pollen wall formation, revealing the joint contribution of certain phenylpropanoids to lignin and sporopollenin biosynthesis (Weng et al., 2010) . Mutations in the TRANSPARENT TESTA4 (TT4) and 4-COUMARATE:COENZYME A LIGASE (4CL3) genes, encoding enzymes involved in flavonoid biosynthesis, and in SPERMIDINE HYDROXYCINNAMOYL TRANSFERASE (SHT ), encoding an acyltransferase involved in conjugating spermidine to hydroxycinnamic acids, affect the composition of the Arabidopsis pollen wall (Grienenberger et al., 2009; Dobritsa et al., 2011) .
While the understanding of sporopollenin biosynthesis and composition has advanced rapidly recently, mechanisms for sporopollenin trafficking from the tapetum and exine assembly into the highly patterned pollen wall remain poorly understood (Ariizumi and Toriyama, 2011; Quilichini et al., 2014b) . The spatial separation of tapetal cells from pollen grains in taxa with secretory tapeta (including Arabidopsis and rice) suggests a critical role for the export of sporopollenin components into the locule during exine formation. ABCG26, an Arabidopsis ATP binding cassette transporter, is required for sporopollenin accumulation and has been proposed to traffic sporopollenin components out of tapetal cells following tetrad release (Quilichini et al., 2010; Xu et al., 2010; Choi et al., 2011; Dou et al., 2011; Kuromori et al., 2011) . The apparent ortholog of ABCG26 in rice, ABCG15, is also required for exine formation, suggesting a conserved function for these transporters in sporopollenin export (Niu et al., 2013; Qin et al., 2013) . However, the substrates of these ATP binding cassette transporters are unknown, and hypothetical links to sporopollenin traffic remain untested experimentally.
Once sporopollenin components are exported to the locule, they must be delivered through the aqueous medium to the microspore. Small granules formed along the locule side of tapetal cells, called orbicules or Ubisch bodies, have been proposed to mediate sporopollenin traffic between the tapetum and developing microspores in some species (Wang et al., 2003) . Orbicules are present almost exclusively in species with secretory tapeta but are curiously absent in Arabidopsis (Huysmans et al., 1998) . While the absence of orbicules in some taxa with secretory tapeta and the persistence of orbicules after pollen wall formation makes their proposed function in sporopollenin transport subject to debate, the conspicuous presence of orbicules outside tapetal cells of some species suggests that additional mechanisms for the export of pollen wall constituents may be in place.
In this study, the biosynthesis and export of exine components was investigated using a novel approach to visualize living tapetal cells in intact anthers of Arabidopsis. Using a variety of mutants in genes required for exine biosynthesis and deposition, we identified a genetic link between the polyketide sporopollenin precursor pathway and ABCG26, suggesting that the substrate of ABCG26 is a product of the polyketide synthesis metabolon. Additionally, we identified novel hydroxycinnamoyl (HC) spermidine-containing orbicule-like bodies (ORBs) that accumulate prior to tapetum programmed cell death only when the polyketide pathway is blocked. The accumulation of these ORBs in double mutants with abcg26 indicates that additional mechanisms of export for components of the exine exist and that cotrafficking of polyketides and HC spermidines from tapetal cells may occur. These data indicate that, rather than all pollen coat components being released by programmed cell death, HC spermidines are deposited earlier with components of sporopollenin from metabolically active tapetal cells.
RESULTS

Tapetal Cells of abcg26 Anthers Accumulate Intrinsically Fluorescent Compounds
To test the hypothesis that the ABCG26 transporter exports sporopollenin precursors from anther tapetal cells, abcg26 mutants were examined for the accumulation of exine components in the tapetum. Since the tapetum is deep in the anther, imaging these cells is a challenge. Contradictory results for tapetum ultrastructure in abcg26 mutants have been reported using transmission electron microscopy (TEM) (Quilichini et al., 2010; Choi et al., 2011; Dou et al., 2011; Kuromori et al., 2011) , which could be due to the extraction of metabolites during fixation (Palade, 1952; Morgan and Huber, 1967; Bullock, 2011) and/or the challenges associated with anther sample preparation. While previous reports did not identify accumulations inside abcg26 tapetal cells, some found accumulations behind tapetal cells or reported enlarged tapetal cells (Choi et al., 2011; Dou et al., 2011) . To examine intact anthers without fixation, we devised a two-photon (2-P) microscopy method, which enables deep imaging of the innermost cell layers of the anther in living specimens. In 2-P microscopy, a variation of multiphoton microscopy, simultaneous excitation by two photons of red-shifted light (700 to 1000 nm) is used to excite fluorophores in the UV range (Zipfel et al., 2003) . With 2-P microscopy, all anther cell types from wild-type and mutant plants exhibited intrinsic fluorescence, with emission from 420 to 460 nm (pseudocolored teal) and 495 to 540 nm (pseudocolored red) ( Figures 1A to 1H ). These wavelength ranges reflect the emissions from low-wavelength-emitting compounds such as hydroxycinnamic acids and from higher wavelengthemitting compounds such as chlorophyll (Cerovic et al., 1999; Buschmann et al., 2000) .
Given that UV excitation results in strong intrinsic fluorescence of pollen exine and the numerous reports of phenolic compounds in sporopollenin, an attractive hypothesis is that ABCG26 transports a compound with autofluorescent properties under UV excitation and that this compound would accumulate in the tapetum in the absence of transport. Emission differences were observed between wild-type (Columbia-0) and abcg26 (abcg26-1) developing microspore walls ( Figures 1A to 1D ) and tapetal cells (Figures 1E to 1H) and were first visible at the free uninucleate microspore stage (anther stage 8), following tetrad release. Wild-type microspores exhibited strong pollen wall fluorescence in both channels ( Figure 1A , enlarged in Figure 1B ; Supplemental Movie 1), while pollen wall fluorescence was absent from most abcg26 microspores ( Figure 1C , enlarged in Figure 1D ; Supplemental Movie 2). Variation in the abcg26 phenotype was common, and some locules contained microspores with a thin layer of pollen wall fluorescence, which lacked reticulate patterning (Supplemental Figures 1A  and 1C ). The loss of intrinsic fluorescence in abcg26 microspore walls is consistent with the absence of an exine wall that has been reported previously in fixed, sectioned material (Quilichini et al., 2010) .
In the tapetum, striking differences in intrinsic autofluorescence were observed, as wild-type tapetal cells emitted low diffuse fluorescence with small nonfluorescent vacuoles (Figures 1A and 1E, arrows in Figures 1B and 1F ; Supplemental Movie 1), while tapetal cells of abcg26 contained large brightly fluorescent vacuoles (Figures 1C and 1G, arrows in Figures 1D and 1H; Supplemental Movie 2) with one or more fluorescent cores. Fluorescence emission of the tapetum vacuole cores was strong in the lower wavelength range, and similar structures were not observed in any wild-type tapetum vacuoles. A negative correlation between emission from microspores and tapetal cell vacuoles was observed among anthers from the same abcg26 plant at comparable stages of development (Supplemental Figure 1 ). Anther specimens with high levels of fluorescence in the tapetum vacuole lacked or had dim fluorescence around microspores (Supplemental Figures 1E and 1F ), while specimens with low levels of tapetum vacuole fluorescence had bright fluorescent emission from microspore walls (Supplemental Figures 1A to 1D ). In addition to tapetum vacuolar inclusions, bright fluorescent accumulations were often observed on the outer periclinal face of tapetal cells (arrows in Supplemental Figures  1A and 1C) .
To complement the 2-P microscopy, anthers were high-pressure frozen and freeze substituted (Quilichini et al., 2014a) , a protocol that immobilizes cellular metabolites during fixation for TEM. While previous TEM studies failed to identify enlarged vacuoles with associated inclusions in abcg26 tapetal cells, with the insight provided by live cell imaging data, careful examination of abcg26 tapetal cells by TEM revealed the presence of enlarged vacuoles in cryofixed abcg26 samples. The abcg26 tapetum vacuole cores observed by TEM were visible as containing one or more circular electron-dense core structures (Figures 1K and 1L; Supplemental Figures 1G and 1H) . Similar core structures were not observed in wild-type tapetal cell vacuoles ( Figures 1I and 1J ). The cells of the middle layer of abcg26 anthers at a similar developmental stage also contained vacuolar accumulations, with the same morphological and staining characteristics as the inclusions in tapetal cells (Supplemental Figures 1I and 1J) , and these were never observed in wild-type middle layer cells ( Figure 1I ).
To test if the distribution of lipidic constituents might differ in abcg26 anthers relative to the wild type, anthers were stained with Nile Red, a dye that does not fluoresce in water but becomes fluorescent in hydrophobic environments and organic solvents (Greenspan et al., 1985) . Unstained anthers emitted little to no fluorescence in the channel used to capture Nile Red fluorescence (Supplemental Figures 2A to 2D) . Penetration of the Nile Red dye into anther locules required 20 to 30 min, and all images shown were captured within this time interval (Supplemental Figures  2E to 2L ). Wild-type microspores exhibited staining in the wall (Supplemental Figure 3A) . By contrast, abcg26 microspores, when present, typically exhibited internal staining within 20 min, suggesting altered permeability to the dye, but lacked significant Nile Red fluorescence from microspore walls (Supplemental Figure 3C ). Wild-type and abcg26 tapetal cells stained with Nile Red revealed abundant lipids in puncta, presumably elaioplasts and tapetosomes, throughout the cells (Supplemental Figures 3B, 3D , 3F, and 3H). Although differences in tapetum lipids were not observed between mutants and the wild type, the autofluorescent cores within abcg26 tapetum vacuoles (Supplemental Figures 3E, 3G , and 3I) stained with the hydrophobic dye (Supplemental Figures 3F and 3H ) and lacked emission in the Nile Red emission channel when unstained (Supplemental Figure 3J ). Wild-type tapetum vacuoles lacked Nile Red emission, were smaller than abcg26 vacuoles, and lacked the associated stained inclusions (Supplemental Figures 3A and 3B ).
The development of these 2-P imaging methods for live anthers revealed that abcg26 mutants accumulate enlarged autofluorescent vacuoles with dense core structures. As sporopollenin is lacking on abcg26 microspores, these accumulations appear to be composed of sporopollenin components in a pretrafficked state prior to polymerization on the microspore surface.
The Polyketide Synthesis Pathway Is Required for Inclusions in the Tapetal Cells of abcg26
The nature of the vacuolar material in the tapetum of abcg26 was investigated by examining double mutants affecting both the ABCG26 transporter and key enzymes required for sporopollenin biosynthesis. In a model proposed by Grienenberger et al. (2010) and Quilichini et al. (2014b) , ACOS5, CYP703A2, CYP704B1, PKSA and PKSB, and TKPR1 work sequentially to synthesize a hydroxylated tetraketide a-pyrone(s), a major building block of sporopollenin, since mutants in the genes encoding these enzymes are severely compromised in exine deposition. acos5, pksa pksb, and tkpr1 mutants exhibit highly similar phenotypes to abcg26, including the absence of pollen exine and strong reductions in male fertility. We hypothesized that the product(s) of this pathway, referred to herein as the polyketide pathway, could be exported by ABCG26. To test this hypothesis, we examined anthers from double or triple mutants of abcg26 and acos5, pksa pksb, and tkpr1 using 2-P microscopy and compared these images with the abcg26 single mutant. The fluorescent tapetum vacuoles observed in the abcg26 single mutant (Figures 1H and 1L) were absent in the wild-type control (Figures 2A and 2B) and in the double or triple mutants abcg26 acos5 ( Figures 2C and 2D ), abcg26 pksa pksb (Figures 2E and 2F) , and abcg26 tkpr1 (Figures 2G and 2H) . By contrast, the tapetum vacuolar inclusions in abcg26 mutants persisted in double mutant combinations with other pollen wall mutants, including tt4 and 4cl3 (Supplemental Figure 4 ). These data indicated that abcg26 vacuolar inclusions were lost only and specifically in polyketide pathway mutants. Because the fluorescent vacuolar material that accumulates in abcg26 requires the tapetumlocalized polyketide pathway, these data support the hypothesis that the substrate of ABCG26 is a polyketide pathway product.
ORBs Accumulate in Polyketide Pathway Biosynthetic Mutants
When examined by 2-P microscopy under UV excitation, the double and triple mutants formed by abcg26 in combination with acos5, pksa pksb, and tkpr1 mutants exhibited unexpected fluorescent punctae surrounding tapetal cells ( Figures 2D, 2F , and 2H) and some microspores ( Figures 2C, 2E , and 2G) that were not observed in the wild type or abcg26 single mutants (Figures 1C and 1D) . This observation led us to examine the acos5 single mutant anthers by 2-P microscopy under UV excitation to determine if these fluorescent bodies were similarly present in mutants of the polyketide pathway. As in the acos5 abcg26 double mutant, analysis of the acos5 single mutant revealed equivalent punctate fluorescent bodies that were not observed in wild-type anthers ( Figure 3 ). The fluorescent puncta were found on all sides of the tapetum ( Figures 3C and 3E ), particularly on the outer periclinal surface of the tapetum ( Figures 3D and 3F ) and surrounding some microspores ( Figure 3C ). These bodies appeared in acos5 anthers at the uninucleate microspore stage (anther stage 8) and became more abundant around tapeta over the course of microspore mitosis (anther stages 9 to 11).
These ORBs resembled the orbicules that surround tapetal cells in many other flowering plant species, including rice, but are absent in Arabidopsis (Wang et al., 2003) . Autofluorescent ORBs were also observed in anthers of the other polyketide pathway mutants, cyp703a2, pksa pksb, and tkpr1 (Supplemental Figures 5C to 5H ), but not in the wild type (Supplemental Figures  5A and 5B), and have not been reported previously in descriptions of these mutants. TEM analysis confirmed that ORBs were not observed in the cryofixed wild-type anthers ( Figures 4A and 4B ). By contrast, ORBs were observed in cryofixed acos5 mutant anthers, located on all faces of tapetal cells ( Figure 4C ), as well as along the surface of some free microspores in place of exine (Figures 4D and 4F) . The ORBs were electron translucent with a small fibrillar electron-dense core ( Figure 4E ). The ORBs appeared to be embedded in the tapetum, outside the plasma membrane, on the inner periclinal (locule) side ( Figures 4C and 4E ). To test if the cryofixation and resin embedding for TEM had altered the ORBs or their locations, unfixed acos5 anthers were frozen, cryoplaned, and examined with cryoscanning electron microscopy, which confirmed the abundance of these bodies and their location extracellular to tapetal cells ( Figure 4G ). ORBs were also observed around some microspores in cryoplaned locules, while other microspores lacked them ( Figure 4H ).
As ACOS5 is an acyl-CoA synthetase postulated to act at the start of the polyketide pathway (Quilichini et al., 2014b) , mutants in genes encoding the other polyketide pathway enzymes, such as pksa pksb and tkpr1, were also examined with TEM. ORBs of similar electron density and location to those in acos5 mutants were observed (Supplemental Figure 6 ). The presence of extracellular ORBs in acos5, pksa pksb, and tkpr1 mutants suggested that tapetal cells produce fluorescent compounds in addition to those generated by the polyketide pathway, but of unknown composition. If ABCG26 is required for the transport of these unknown ORB components, then double or triple mutants should lack ORBs, but the abcg26 acos5 double mutant ( Figures 2C and  2D ), abcg26 pksa pksb triple mutant ( Figures 2E and 2F) , and abcg26 tkpr1 double mutant ( Figures 2G and 2H ) all contain ORBs. This indicates that the ORB components can be exported from tapetal cells in the absence of a functional ABCG26 transporter. The accumulation of these compounds at extracellular surfaces of the tapetum and some microspore surfaces was observed only when polyketide product synthesis was directly affected, since the fluorescent bodies were not observed in the abcg26 mutant, where transporter loss of function presumably impacts polyketide product transport but not synthesis (Figure 1 ).
No differences in lipid accumulation could be seen in tapetum lipids in acos5 and wild-type anthers stained with Nile Red (Supplemental Figure 7) . The extracellular ORBs did not stain with Nile Red (green color in Supplemental Figure 7 ), but their presence in acos5 locules was confirmed by their autofluorescence (red color in Supplemental Figure 7 ). As observed in abcg26 anthers, the cytoplasm of developing acos5 microspores stained readily with Nile Red, but the walls, when present, only stained minimally compared with the wild type (Supplemental Figure 7) .
Role of Phenylpropanoid and Flavonoid Biosynthetic Enzymes in Sporopollenin Biosynthesis
Double mutant analyses of abcg26 with key polyketide biosynthesis mutants (acos5, pksa pksb, and tkpr1) supported the hypothesis that ABCG26 exports a product of the polyketide biosynthetic pathway that is incorporated into sporopollenin. As loss of the polyketide pathway led to the accumulation of fluorescent ORBs, we hypothesized that polyketides and ORB components are synthesized by two distinct pathways whose products come together in the locule to make sporopollenin. ORBs are autofluorescent and 2-P microscopy of live wild-type and mutant anthers shows shortwavelength autofluorescence in teal color. lack staining with Nile Red, suggesting that the second pathway produces a phenolic product. Despite numerous reports that phenolic compounds such as hydroxycinnamic acids are present in sporopollenin, there is little information regarding the enzymes that synthesize such components. Thus, we targeted mutants in genes encoding enzymes in the phenylpropanoid and flavonoid pathways for anther analysis by 2-P microscopy. The anthers of mutants in genes encoding enzymes from the sinapyl alcohol branch of the monolignol biosynthetic pathway (CYP84A1/FERULIC ACID 5-HYDROXYLASE [F5H]/FAH1) and the flavonoid pathway (4CL3 and CHALCONE SYNTHASE [CHS]/TT4) were analyzed by 2-P microscopy. A mutant in SHT was also studied, as this enzyme is required for the biosynthesis of HC spermidine conjugates that are constituents of the pollen coat in Arabidopsis (Grienenberger et al., 2009) .
Previous studies demonstrated that overall autofluorescence emission from mature pollen grains of sht, 4cl3, and tt4 mutants was altered (Grienenberger et al., 2009; Dobritsa et al., 2011) . The mature pollen grain autofluorescence would be the sum of both sporopollenin and pollen coat components. Here, the ability of 2-P microscopy to sample microspores during the early stages of pollen cell wall development was exploited, as we could investigate the emission profiles of the intrinsic fluorescence of sporopollenin-rich microspores following tetrad release and preceding tapetal cell death, prior to the addition of pollen coat constituents. To capture both the range of anther autofluorescence and the peak wavelength(s) where emission reached maximum intensity, we performed spectral emission scans on intact developing mutant and wild-type anthers using 720-nm 2-P excitation and a 400-to 580-nm emission-capture range. Intensity projections over the range of wavelengths allowed us to capture emission spectra specific to traced microspore walls while avoiding emission from surrounding sporophytic tissues (Supplemental Figure 8) . The mean microspore autofluorescent emission intensities and SE values for the wild type, 4cl3-2, tt4-2, sht, and fah1-2 (n = 24 microspores) were normalized to the 460-nm peak, which reached its maximum intensity in wild-type samples, to correct for differences in emission intensity between samples. The resulting relative intensities from microspore emissions for wild-type, sht, 4cl3-2, tt4-2, and fah1-2 microspores are summarized in Figure 5 . The wild-type microspore emission spectrum consisted of one broad peak with a maximum intensity at 460 nm. As reported previously for mature pollen grains, 4cl3 and tt4 mutant microspore walls exhibited broader emission around the 460-nm peak relative to the wild type, with increased intensities below 460 nm and decreases above 460 nm. The fah1 and sht mutants showed a different trend, with spectral emission shifts toward wavelengths longer than 460 nm, peaking at 510 and 540 nm, respectively. Most notably, the emission profile from sht microspore walls prior to tapetal cell death differed dramatically from that of the wild type. The captured sht emissions were predominantly in the longer wavelength (i.e., the 495-to 550-nm channel), producing images with red-colored microspores ( Figures 6F to 6I) , rather than the teal emission seen in the wild type ( Figures 6A to 6D ). These data indicate that the products synthesized by 4CL3, CHS/TT4, CYP84A1/FAH1, and SHT affect the fluorescence profile of the pollen exine, reflecting changes in the composition of the pollen cell wall in the stages when it consists predominantly of sporopollenin. The dramatic fluorescence spectral profile differences between wild-type and sht microspore walls indicate that HC spermidines are present in the microspore wall prior to tapetal cell death.
Polyketide Product-Dependent ORBs Contain HC Spermidines
If polyketides and ORB components are synthesized by two distinct pathways whose products come together in the locule to make sporopollenin, and ORBs represent unincorporated phenolics, then generating double mutants of phenylpropanoid biosynthetic genes and acos5 is predicted to abolish ORBs. When examined with 2-P microscopy, and in contrast with acos5 single mutants ( Figures 6K to 6N ), ORBs were completely absent in the sht acos5 double mutant anthers and were not found surrounding tapetal cells or microspores ( Figures 6P to  6S) . These results were supported by TEM analyses, where abundant ORBs surrounded tapetal cells in acos5 mutants ( Figure 6O ) but were absent in sht acos5 double mutants ( Figure  6T ). As negative controls for the TEM analyses, wild-type and sht single mutant anthers lacked ORBs (Figures 6E and 6J ). These data suggest that the extracellular bodies observed in acos5 locules are composed of HC spermidines.
By contrast, mutations in genes in the flavonoid and sinapyl alcohol lignin monomer pathways did not affect the ORBs surrounding tapetal cells and some microspores in acos5. ORBs were observed in acos5 4cl3, acos5 tt4, and acos5 fah1-2 double mutants (Supplemental Figure 9) . These data suggest that the ORBs are not composed of flavonoid-derived or sinapyl alcoholbased compounds. While 4CL activity would be expected to be required for HC spermidine biosynthesis, 4CL is encoded by a family of four genes in Arabidopsis (Ehlting et al., 1999; Hamberger and Hahlbrock, 2004) , and residual 4CL activity from the expression of one or more of these 4CL genes could provide sufficient activity to support the HC spermidine accumulation observed in the acos5 4cl3 background.
Taken together, these data indicate that the trafficking of HC spermidines to developing microspore wall occurs prior to tapetum programmed cell death, in conjunction with the ABCG26-mediated export of polyketide pathway products. Since the putative HC spermidine-containing bodies accumulate when the polyketide pathway is disrupted, trafficking of the HC spermidines from the tapetum surface to developing microspores appears to require the polyketides.
HC Spermidines Do Not Contribute to the Autofluorescence of Vacuolar Inclusions in Tapetal Cells of the abcg26 Mutant
The presence of HC spermidine-containing ORBs in polyketide pathway mutants and in their respective double mutants with E] ). ORBs were found on all faces of acos5 tapetal cells and appeared electron translucent, with some electron-dense debris (E). The bodies identified in acos5 were also found around some microspores (the boxed region in [D] is enlarged in [F] ). (G) and (H) acos5 anthers showing tapetum and microspore cell edges. Arrows in (G) highlight the extracellular position of ORBs, between the tapetum and endothecium and between neighboring tapetal cells. The accumulation of acos5 ORBs around some microspores (arrow), but not others, is clearly visualized in (H). (I) and (J) acos5 abcg26 double mutant anthers. ORBs were observed on all faces of the tapetum (I) and on some microspores (J). En, endothecium; Lo, locule; Msp, microspore; Tp, tapetum. Bars in (A) to (D) and (G) to (J) = 2 mm; bars in (E) and (F) = 0.5 mm.
abcg26 indicated that HC spermidine trafficking from tapetal cells is independent of the ABCG26 transporter. However, the HC spermidine bodies did not accumulate in the abcg26 single mutant, for reasons that are not clear. To examine the possibility that HC spermidines accumulate inside tapetal cells in the absence of polyketide export, sht abcg26 double mutant anthers were examined in parallel to abcg26 anthers by 2-P microscopy. In sht abcg26 anthers, brightly fluorescent tapetum vacuolar inclusions similar to those observed in abcg26 were apparent ( Figures 7A to 7H ). The tapetum vacuolar inclusions observed in sht abcg26 and abcg26 were indistinguishable by TEM ( Figures  7I and 7J ). The persistence of tapetum vacuolar inclusions in sht abcg26 supports the interpretation that the vacuolar inclusions contain products of the polyketide biosynthetic pathway involving ACOS5, PKSA PKSB, and TKPR1.
Incorporation of HC Spermidines in the Pollen Wall
While HC spermidines have been described previously as components of the pollen coat in Arabidopsis, their export from tapetal cells prior to programmed cell death suggested that they may be incorporated into sporopollenin during exine formation. To determine whether the spermidine conjugates are incorporated into the sporopollenin biopolymer and thus contribute to exine integrity, or remain more loosely attached as components of the pollen coat, the chemical recalcitrance of wild-type and sht mutant sporopollenin of mature pollen grains was assessed. To test the chemical integrity of sht pollen grains, pollen were subjected to acetolysis, a standard test for sporopollenin chemical integrity (representative images for three trials are shown in Supplemental Figure 10 ). However, these analyses failed to reveal any differences between wild-type and sht pollen walls, which were both insensitive to acetolysis, with 11.3% wild-type exines and 5.3% sht exines showing visible damage (n = 600 pollen grains per genotype).
DISCUSSION
In this study, we provide insights into the nature of sporopollenin and pollen wall exine formation. The genetic link found between the ABCG26 transporter and the polyketide pathway involved in sporopollenin biosynthesis provides evidence that the substrate transported by ABCG26 is a polyketide product. Furthermore, our analyses showed that HC spermidine conjugates known to be present in the Arabidopsis pollen coat are trafficked from tapetal cells prior to programmed cell death in an ABCG26-independent fashion. Although polyketide components are able to assemble in the absence of HC spermidines, spermidine conjugates required the polyketide component of sporopollenin for normal deposition on microspores. One interpretation of these data is that copolymers of polyketides and HC spermidines traffic from the tapetum to the microspore wall, prior to deposition into the exine of developing microspores. In addition to revealing mechanisms of pollen exine traffic not understood previously, the novel 2-P microscopy approach employed here has opened the door to the study of intact anthers and provides a useful tool for future studies.
In Planta Characterization of the Putative Substrate of ABCG26
Previous studies that relied on the examination of fixed and sectioned tapetal cells were unable to identify accumulations in abcg26 mutant tapeta that could be indicative of putative ABCG26 Intrinsic fluorescence of microspore walls was collected using 720-nm 2-P excitation, providing effective excitation in the near UV range. Spectral emission scans in the 400-to 580-nm interval were obtained with a 10-nm step size and normalized to the 460-nm peak emission intensity. For each genotype, four microspores per locule were traced from six anthers, and mean 6 SE emission intensity at each 10-nm wavelength was plotted.
substrates. By contrast, 2-P microscopy identified inclusions in abcg26 tapeta in the form of large autofluorescent vacuoles. This information facilitated a targeted genetic approach to determine the biosynthetic origin of these inclusions as polyketide products. Based on the first appearance of these vacuolar inclusions in abcg26 tapetal cells immediately following the tetrad stage, followed by their persistence over the course of free microspore development, the ABCG26 transporter appears to be active over this developmental period, consistent with the timing of its expression in tapetal cells (Quilichini et al., 2010) .
Analysis of lipidic metabolite accumulation in live tapetal cells, using Nile Red, revealed similar abundances of lipids in wild-type and abcg26 cells. Thus, the compounds accumulating in abcg26 tapetal cells differ dramatically in nature from the putative cuticular substrates that accumulate in abcg11 and abcg12 mutants, two half-size ABCG transporters in the same subfamily (Pighin et al., 2004; Bird et al., 2007) . Accumulations in abcg11 and abcg12 epidermal cells stain with Nile Red, appear lamellar, and are associated with the endoplasmic reticulum (Pighin et al., 2004; Bird et al., 2007; McFarlane et al., 2010) . Therefore, the ABCG26 substrate is likely a unique polyketide-derived, autofluorescent compound translocated from tapetal cells to the microspores in the locule, distinct from the apparent lipidic cargo of ABCG11 and ABCG12.
The Polyketide Biosynthetic Pathway and Transport by ABCG26 Are Linked
Only a handful of enzymes required for sporopollenin synthesis in Arabidopsis have been characterized biochemically. Among these, ACOS5, PKSA, PKSB, and TKPR1 are proposed to function sequentially in the production of tetraketide a-pyrones (Grienenberger et al., 2010; Quilichini et al., 2014b) . The strong phenotypes of acos5, pksa pksb, and tkpr1 mutants that, like abcg26, are male sterile and lack sporopollenin deposition, as well as the overlapping spatial and temporal expression patterns shared by the biosynthetic genes and ABCG26, suggested that polyketides produced by these enzymes could be exported by ABCG26 (Grienenberger et al., 2010; Quilichini et al., 2010) . We directly tested this hypothesis by examining the phenotypes of double and triple mutant combinations affecting each of the enzymes in the pathway in the abcg26 mutant background. 2-P imaging and TEM analyses of the abcg26 acos5, abcg26 pksa pksb, and abcg26 tkpr1 mutants revealed phenotypes identical to the acos5, pksa pksb, and tkpr1 mutants, including the lack of autofluorescent vacuolar inclusions in tapetal cells. The suppression of the abcg26 tapetum vacuolar inclusion phenotype in each of these mutant backgrounds provides direct evidence that the polyketide biosynthetic pathway is required for these ABCG26-dependent tapetal cell inclusions. Thus, the simplest interpretation is that tetraketide a-pyrone end products of the polyketide pathways, or their derivatives, are in fact the ABCG26 substrates. Transport assays will be required to define the ABCG26 substrate specificity precisely, and the lack of vacuolar inclusions in all polyketide mutants independently of their position in the pathway may suggest that autofluorescent inclusions in abcg26 are caused by the accumulation of more derived compounds than the TKPR1-produced tetraketide a-pyrones themselves. In Figure 8A , we propose an updated model for pollen exine formation based on the data presented here, illustrating the function of the ABCG26 transport protein in the export of polyketide pathway products from the tapetum. The key mutant phenotypes observed from our genetic analyses, which inform the model, are illustrated in Figures 8B to 8G .
The finding that tapetum inclusions in abcg26 likely represent products of the polyketide pathway provides a better understanding of the roles played by polyketide pathway product(s) in exine formation in planta. The bright fluorescence of the abcg26 tapetumtrapped metabolites suggests the presence of aromatic rings or conjugated p bonds in the metabolites. While the proposed product of the sporopollenin polyketide metabolon is a tetraketide a-pyrone, there is limited literature on the intrinsic fluorescent properties of a-pyrone rings. It is also possible that the tetraketide product of this polyketide pathway may be further modified or cyclized prior to export from the tapetum ( Figure 8A ). Polyketide cyclization by type III polyketide synthases, such as PKSA and PKSB, is known to vary, encompassing heterocyclic lactone formation and intramolecular condensations either by aldol or Claisen carbon-carbon bond formation, or to be absent altogether (Austin and Noel, 2003; Funa et al., 2006; Cook et al., 2010) . In Cannabis, the cooperative activity of two proteins, a type III PKS and an accessory protein called olivetolic acid cyclase, is required for the correct cyclization of polyketides in the production of a key intermediate in tetrahydrocannabinolic acid synthesis (Gagne et al., 2012) . Without olivetolic acid cyclase, the polyketide enzyme forms olivetol and a-pyrone by-products. The occurrence and function of a-pyrones in plants are minimally understood, and some reports have suggested that a-pyrones are derailment by-products of in vitro assays Yamaguchi et al., 1999; Abe et al., 2004) . However, novel pathways capable of pyrone formation in plants have been described recently, and their presence in the sporopollenin biopolymer is plausible (Eckermann et al., 1998; Weng et al., 2012) . Thus, the exact chemical nature of the autofluorescent polyketide pathway-dependent product that appears to be the ABCG26 substrate for export into the locule remains to be determined.
ORBs in Polyketide Mutants Provide Insight into the Trafficking of Novel Exine Components
The suppression of ABCG26-dependent tapetum vacuolar inclusions by polyketide biosynthetic mutants provides evidence for a functional link between the synthesis and export of polyketides, both of which are required for sporopollenin formation ( Figures 8B, 8C, and 8E ). However, a second and more puzzling phenotype was observed in mutants blocked in polyketide biosynthesis. Locule-localized autofluorescent ORBs were observed in acos5, pksa pksb, tkpr1, and their respective double mutants in the abcg26 background by 2-P microscopy (Figures  2 and 3 ; Supplemental Figure 5 ). These had obvious similarity to the orbicules observed in the locules of some species in association with exine deposition (Huysmans et al., 1998; Wang et al., 2003) . The presence of ORBs in the absence of polyketide biosynthesis suggested the existence of a second pathway that requires the polyketide component of sporopollenin in order to be assembled into the exine and that these metabolites are exported into the locule independently of ABCG26.
HC Spermidines Are Exported from Tapetal Cells Prior to Programmed Cell Death and Are Incorporated into Exine
The ORBs observed in polyketide biosynthetic pathway mutants provide information that significantly extends current understanding of exine assembly. The autofluorescent nature of ORBs supports the presence of aromatic rings, and their exclusion of Nile Red stain suggests a nonhydrophobic composition, while their dependence on a functional polyketide pathway suggests interaction with these metabolites. In the acos5 mutant background, the sht mutant, blocked in HC spermidine synthesis, suppressed ORB formation ( Figure 6 and illustrated in Figure 8F ), but mutants blocking other phenylpropanoid branch pathways leading to flavonoid and sinapoyl alcohol biosynthesis had no effect.
While sht mutants produce fertile, morphologically normal pollen (Grienenberger et al., 2009) , the exine of developing sht microspores exhibited significantly shifted emission spectra relative to wild-type microspores prior to tapetum programmed cell death based on 2-P microscopy, indicating a change in exine composition in the sht mutant early in microspore wall development (Figures 6F and 6G and illustrated in Figure 8D ). These data indicate that HC spermidines, previously characterized components of the pollen coat, are not contributed solely after tapetum programmed cell death but are exported from tapetal cells with similar timing to the sporopollenin components contributed by the polyketide pathway. This provides evidence for the premortem trafficking of pollen coat components from the tapetum and suggests that, because HC spermidines are present in the locule at the time of sporopollenin assembly, these compounds could be incorporated into the growing polymer.
The dependence of HC spermidine accumulation in ORBs upon polyketide biosynthesis raises intriguing questions regarding the functional link between these two apparent exine components. The polyketide component of sporopollenin is capable of assembly in the absence of HC spermidines, as seen from the sht mutant, while the HC spermidines require polyketide synthesis to assemble on the pollen wall. One plausible interpretation of these data is that polyketides form an exine framework by self-assembly, to which HC spermidines may adhere during the phase of rapid exine development on microspores released from tetrads. Since HC spermidines coalesce into ORBs in the absence of polyketide biosynthesis, cotrafficking and potential physical interaction of HC spermidines with polyketides upon their release into the locule is an attractive model ( Figure 8A ). The presence of HC spermidine-containing ORBs around some microspores, and their absence around others, is puzzling and suggests that unknown anchoring or targeting mechanisms may also be in place. Finally, an alternative explanation for ORB formation in polyketide mutants is that the metabolic block in the polyketide pathway introduced by acos5 and other mutants in the pathway leads to increased metabolic flux into the HC spermidine pathway (Weng et al., 2010) .
Since HC spermidine-containing ORBs still formed when polyketide biosynthetic mutations were placed in the abcg26 mutant background, their export from tapetal cells appears to be ABCG26 independent ( Figure 8E ). Although the mechanism for HC spermidine export from tapetal cells is unknown, it is interesting that these bodies were observed on all tapetum faces in polyketide mutants, suggesting that the tapetal cells may not be polarized in their secretion to the locule.
At present, the lack of HC spermidine-containing ORBs in the abcg26 single mutant is puzzling. According to our model, abcg26 anthers should lack polyketide accumulation in locules, similar to acos5, acos5 abcg26, and other polyketide mutants in wild-type or abcg26 backgrounds in which ORBs are prominent. However, if only the transport of polyketides, and not their biosynthesis, is affected in the abcg26 transporter mutant, then residual transport of some polyketide product into the locule could explain these results. Residual transport could occur from the presence of several other ABCG transporters, whose expression in the tapetum has been demonstrated (Ariizumi and Toriyama, 2011) . Alternatively, the export of HC spermidines from intact tapetal cells could be inhibited by the accumulation of polyketides in tapetal cells brought about by their blocked transport. This, in turn, would (A) Two tapetum-localized biosynthetic pathways, defined herein as the polyketide pathway and the HC spermidine pathway, are presented. In the polyketide pathway (colored green), a sequence of biosynthetic reactions defined by ACOS5, PKSA, PKSB, TKPR1, and possibly two cytochrome P450s, CYP703A2 and CYP704B1, produces hydroxylated tetraketide products from plastid-produced fatty acids (for detailed sporopollenin biosynthetic models, see Grienenberger et al. [2010] and Quilichini et al. [2014b] ). As these products form a-pyrone rings in vitro, the possibility that a currently unknown cyclase enzyme may function in phenolic ring formation is noted. The export of polyketide pathway products requires the ABCG26 half-size transport protein, which may homodimerize or heterodimerize for export. In the pathway synthesizing HC spermidines (colored purple), SHT conjugates HC-CoA esters to spermidine. Independent from the ABCG26 transporter, the HC spermidine products exit the tapetum by an unknown mechanism prior to programmed cell death. In the anther locule, polyketide and HC spermidine pathway products may interact or traffic as copolymers prior to deposition into the pollen exine. ER, endoplasmic reticulum; G, Golgi apparatus; M, mitochondrion; N, nucleus; P, plastid; V, vacuole. suggest an abnormal interaction between polyketides and HC spermidines within tapetal cells or the existence of a feedback mechanism repressing HC spermidine biosynthesis upon abnormal polyketide accumulation in tapetal cells.
Finally, the functions of HC spermidines that appear to be deposited into the exine in parallel with polyketide a-pyrones remain to be established. Mutants lacking SHT function are fertile (Grienenberger et al., 2009 ), and we found no difference in the sensitivity of sht versus wild-type pollen grains to acetolysis (Supplemental Figure 10) , suggesting that the robustness of pollen wall exine is not compromised in the absence of this component. However, it is possible that HC spermidine components play more subtle roles in resistance to environmental stresses such as desiccation or UV irradiance.
In summary, our results from live-cell imaging of Arabidopsis anthers reveal that the cargo transported by ABCG26 includes polyketide pathway components of sporopollenin and that HC spermidines are transported from tapetal cells into the anther locule prior to tapetum programmed cell death. A complex, and as of yet poorly understood, interplay between polyketide products and HC spermidine biosynthesis appears to govern their deposition on the microspore surface and will be the basis for future studies.
METHODS
Plant Growth
Arabidopsis thaliana seeds were germinated on Murashige and Skoog medium plates, pH 5.7. Seeds were imbibed in the dark at 4°C, grown under continuous light for 7 to 10 d, and then transplanted to soil (Sunshine Mix 4; Sungrow Horticulture). Seedlings were grown to maturity under long-day conditions (16-h-light/8-h-dark cycles) at 20°C.
2-P Laser Scanning Microscopy Analysis
For stamen dissection, unopened flower buds were excised from plants using an Olympus SZX10 stereomicroscope. Buds measuring 0.7 to 1.2 mm were used for stamen collection, providing anthers in the free microspore stage. Stamens from one bud were immersed in distilled water for intrinsic fluorescence analysis or Nile Red staining solution for lipid analysis. Air bubbles were removed by gentle manipulation, and samples were covered with a 1.5-mm cover slip. Stamens were examined by 2-P microscopy immediately following dissection (and staining, when applicable) using the Olympus Multi-photon Laser Scanning Microscope FV1000MPE and the Olympus XLPLN 25X WMP dedicated objective.
Anther intrinsic fluorescence was examined using 720-nm excitation and the BFP/GFP/RFP/DsRed filter cube for four-channel imaging of stamens. Emission was captured in two channels, RXD1 (420 to 460 nm, colored teal) and RXD2 (495 to 540 nm, colored red).
Nile Red dye (9-diethylamino-5H-benzo[a]phenoxazine-5-one) stock solution was prepared in acetone (0.1 mg/mL), and fresh working solutions were made in sterile 25% glycerol (1 mg/mL) (Greenspan et al., 1985) . Microscope settings optimal for intracellular Nile Red fluorescence emission detection were determined by comparing the fluorescence emission profiles for wild-type anthers in 25% glycerol and 25% glycerol with 1 mg/mL Nile Red (Supplemental Figure 2 ). An 810-nm excitation and the CFP/YFP/RFP/DsRed filter cube (Olympus) were used for two-channel imaging, capturing emission from RXD3 (380 to 560 nm, colored red) for intrinsic fluorescence and RXD4 (575 to 630 nm, colored green) for Nile Red. Unstained anthers fluoresced in the RXD3 channel, with only traces of fluorescence emission in the RXD4 channel. Wild-type anthers immersed in Nile Red staining solution emitted Nile Red fluorescence initially along the anther cuticle, and microspore wall staining became visible after 20 to 30 min. Olympus FV10-ASW version 03.01 and Volocity version 6.1.1 software packages were used for image analyses.
Spectral Analysis (Lambda Scans)
After orienting samples with the UV intrinsic fluorescence settings described above, spectral analyses (lambda scans) were performed with 15% laser power (with the exception of tt4-2 mutants) at 720-nm excitation, with 800 high voltage on the photomultiplier tube (PMT) detector, 8 s/mm pixel dwell time, and a 256 3 256 pixel density, with RDM690, VBF, and PMT1 detector selections in place. Emission was collected between 400 and 600 nm, with a 10-nm bandwidth and step size. Samples that burst during spectral analysis were not included. Following spectral scans, intensity projection over the lambda axis was used to trace microspore wall fluorescence (n = 24 pollen grains per trial), and emission from traced regions of interest was plotted using Olympus FV10-ASW version 03.01.
TEM Analysis
Unopened flower buds with sepals and petals excised were submerged in 0.2 M sucrose in uncoated copper type B sample holders (Ted Pella). Samples were frozen at high pressure with a Leica EM HPM 100 highpressure freezer, followed by freeze substitution and embedding in epoxy resin as described by Quilichini et al. (2014a) .
Cryoscanning Electron Microscopy Analysis
Dissected anthers from unopened flower buds (measuring 0.7 to 1.2 mm long) were submerged in 0.2 M sucrose between two specimen carriers (Dia. 3.0 3 0.8 mm with cylinder-shaped indentation; Leica Microsystems) and frozen under high pressure (EM HPM100; Leica Microsystems). The upper specimen carrier was removed under liquid nitrogen to expose anthers after freezing. The remaining sample-filled specimen carrier was clamped to a cold table (also called a specimen holder for freeze fracturing; Leica Microsystems) and transferred under liquid nitrogen to a cryomicrotome (Leica EM UC7 microtome; precooled to 2140°C). To expose one or more anther locule(s), cryoplaning was performed with a diamond knife (Cryo 35°; Diatome), 200-nm trimming thickness, and an antistatic line on. Each cryoplaned sample was transferred under vacuum (using the Leica VCT100) to a precooled scanning cryoelectron microscope (2140°C; S-4700 Field Emission scanning electron microscope; Hitachi). Sublimation at 2105°C for 5 min was applied to remove surface ice, followed by cooling to 2130°C for subsequent imaging. Imaging was performed at 2.0 kV with an 11-mm working distance for two independently prepared, unstained acos5 anther samples.
Acetolysis
A pellet of pollen from 10 open flowers was washed with glacial acetic acid, placed in acetolysis solution (nine parts acetic anhydride to one part concentrated sulfuric acid, adding the acid slowly), sealed, and boiled for 10 min in a fume hood. Remaining exines were washed in glacial acetic acid, then three times with water, and imaged with a light microscope (Leica DMR microscope). Three trials were performed, with 200 exines counted per trial.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative database under the following accession numbers: At3g13220 (ABCG26), At1g62940 (ACOS5), At1g02050 (PKSA), At4g34850 (PKSB), At4g35420 (TKPR1), At4g36220 (FAH1), At1g65060 (4CL3), At5g13930 (TT4), and At2g19070 (SHT).
Supplemental Data
The following materials are available in the online version of this article. 
Supplemental
